Within the fully-coupled multiphysics process of phonation the fluid flow plays an important role in the sound production. Therefore, the study addresses phenomena in the flow downstream of synthetic self-oscillating vocal folds and their influence on the sound production. A test setup consisting of devices for producing and conditioning the flow including a test section was used. The supraglottal channel was developed to prevent acoustic coupling to the vocal folds. Hence, the oscillations were aerodynamically driven. The vocal folds consist of silicone rubber having homogenous material distribution. The flow was visualized in the immediate supraglottal region using a laser-sheet technique and a highspeed camera. The flow shows asymmetric behaviour in cases with channel. The glottal jet is bend to one side depending on the turbulent flow conditions in the channel. In cases without channel, the jet was stabilized by the constant ambient pressure being symmetrical at each instance during an oscillation cycle. Additionally, the acoustic response of the studied supraglottal cases was investigated in an anechoic chamber. The spectral analysis of the data turns out differences in tonal and broadband parts of the acoustic spectrum. The context to the visualized flow structures will be discussed.
INTRODUCTION
During the investigations of human phonation using excised as well as synthetic larynx models an asymmetrical flow field forming within the supraglottal duct was detected. In general the glottal jet was found lying skewed against the glottal plane in the supraglottal channel. This skewing was observed in experimental setups using all kinds of models containing excised cancine, human or synthetic larynges including static [1, 2] , externally driven [3, 4] or flow-induced oscillating artificial vocal folds [5, 6, 7] . In static models one can see that the jet separates from one vocal fold and attaches to the other entering the supraglottal area skewed from the center line of the channel. The explanation of the effect was given firstly by Teager and Teager [8, 9] and Kaiser [10] who proposed a skewing of the glottal jet in the supraglottal region due to the Coanda effect [11] . The Coanda effect describes the deflexion of jets to adjacent boundaries [12] . Therein a jet enters an ambient region with resting fluid through a nozzel and attaches to a boundary which is tangentially connected to the nozzel and has a convex form in the streamwise direction. Due to the fact that the attached jet flow has not to stream against a positiv pressure gradient as it is the case in wing flows the jet stays attached to the boundary much further. However, the key point of the behaviour of the jet is the constant ambient pressure around the jet due to the resting fluid which pushes the jet onto the boundary because the static pressure within the jet flow is slightly decreased. As the condition of entering an ambient region does not exist in the flow region of the larynx and the vocal tract the explanation of the jet skewing by the Coanda effect is problematic.
For this reason the aim of the present study was to investigate the behaviour of the glottal jet in the supraglottal region for different configurations of the supraglottal channel and its influence on the sound production. Therefore a test setup with synthetic vocal folds in human length scale was used which shows flow-induced oscillations of the models with similar parameters compared to human vocal folds. Two supraglottal configurations were applied, one with and one without supraglottal channel. In a first step the jet flow was visualized with a laser sheet technique. In a second step the sound production was measured in an anechoic chamber.
EXPERIMENTAL SETUP
The test subject contains facilities for producing and preparing the air flow and for mounting the synthetic vocal folds (see fig. 1(a) ). The flow is produced by a massflow controller based on the principle of a hypercritical valve [13] . The silencer reduces acoustic disturbances in the flow generated by the valve. Its inside is faced with PUR SKIN 30 by SONATECH which is a special material for damping acoustical waves. In a form of 30 mm thick mattings the material is designed for damping acoustical waves in a freqency range of f = 600 Hz up to f = 5 kHz with an absorbtion coefficient of greater than α d = 0.8. To prevent the generation of acoustic standing modes within the silencer a rectangular body is positioned in the center of the flow region which is also faced by PUR SKIN 30 mattings. The cross section of the flow region keeps constant at all axial positions.
As figure fig. 2(a) shows the design of the silencer results in a reduction of the total sound pressure level between L p = 15 dB up to L p = 40 dB. Thereby the main reduction is achieved in the frequency range greater than 1 kHz. But also for lower frequencies down to f = 100 Hz a significant reduction can be observed in a representative plot of the power spectral density of the sound pressure level generated by the massflow generator with and without silencer ( fig. 2(b) ).
At the outflow of the silencer a tube with rectangular crossection of A cross = 15 mm × 18 mm and length of L = 190 mm is connected. To its other end a mounting device is fixed which contains the synthetic vocal folds. Therein the vocal folds are glued by a silicone adhesive so that the vocal fold models experience almost no prestress in longitudinal direction. The supraglottal channel consists of four plates forming a rectangular cross section. Two large plates made of Plexiglas border the channel in medial-longitudinal direction with a fixed distance of 15 mm. For the visualization of the supraglottal flow field two small plates terminate the channel in medial-lateral direction ( fig. 1(b) ). In addition to that also the flow without supraglottal channel was visualized. The small plates can be shifted to enlarge the volume of the supraglottal area. The distance between the small plates shown here was selected to D = 18 mm. The length of the channels was designed to prevent from the coupling of acoustic modes to the vocal fold oscillations by standing waves in the channel. Regarding the supraglottal channel as a half open tube the acoustic resonant frequencies f n due to standing waves can be calculated [14] with
Therein n is the indenture number of the acoustic resonance, c 0 the speed of sound and L the length of the channel. The lowest resonant frequency for the channel for n = 1 results to f 1 = 429 Hz which is much higher than the oscillation frequencies of the vocal fold models. Thus an acoustic coupling effect to the vocal folds can be neglected.
The synthetic vocal folds consist of the 3-component silicone rubber compound EXOFLEX 0030 by SMOOTH-ON and are fabricated by mixing and casting the three liquid parts into a mold.
The stiffness was selected by adjusting the mixing ratio of the three parts. The geometry of the models is based on the M5-model introduced by Scherer et al. [1] . The dimensions are equal to the models used by Thomson et al. [15] and Becker et al. [16] . For the presented study the vocal fold models have a Young's modulus of E = 4.4 kPa. 
Measuring setup
The flow was visualized using a laser light sheet produced by a Sapphire 488 HP continuous laser manufactured by Coherent. The laser beam had a diameter of 0.7 mm and was transformed by a cylindrical lense into a laser sheet with a thickness of less than d = 1 mm. The laser sheet was coupled into the supraglottal channel via its outlet. It was oriented perpendicular to the glottis and along the center line of the channel. The flow was marked with tracer particles consisting of Di-Ethyl-Hexyl-Sebacat (DEHS) which were produced by an aerosol generator PivPart37 containing up to 37 Laskin nozzels. The particles were added to the subglottal flow before it entered the acoustic silencer.
The scattered laser light was recorded by a highspeed camera Photron Fastcam SA 1.1 which was positioned vertically to the laser sheet and recorded the region of interest (ROI) immediately downstream of the vocal fold with the dimensions of approximately A ROI = 43 × 18 mm 2 and a resolution of about R = 24 pixels/mm (see fig. 1(b) ). The camera was synchronized to a signal generator generating a standard TTL triggering waveform. The trigger frequency was set to f s = 4 kHz.
The acoustic signal was detected by four microphones of type BK 2669 with spherical characteristic by Bruel & Kjaer. They were placed in 1 m distance to the outlet of the supraglottal channel outside of the flow region in the far field as shown in fig. 1(c) . The signals were enforced by a four-channel conditioning amplifier Type 2690-OS4 by Bruel & Kjaer. The measurements were performed in an anechoic room with a lower cut-off frequency of about f cl = 300 Hz.
The flow visualization and the sound measuring experiments were done in separate test series to prevent the acoustic sensors and the anechoic room from contamination by the seeding particles. Moreover different vocal fold models with the same material properties were used to ensure using models without small damages due to the preceding visualization experiments.
During all measurements the subglottal pressure was measured using a pressure sensor XCQ-093 5SG by Kulite Semiconductor. The sensor was positioned x = −50 mm upstream of the glottal exit in the side wall of the subglottal channel.
All analog signals were sampled using a multifunctional A/D card NI PXIe-6356 by National Instruments using a sample rate of f s = 44 kHz. To get its temporal relation to the recorded flow field the digital signals of the camera trigger and the record duration were also synchronously sampled. The sampling of both, the video and the subglottal pressure signal, was started at the same time using the camera switch. However, the temporal relation was not analyzed in detailed within the present study.
RESULTS

Supraglottal flow visualization
The visualization experiments were performed using two supraglottal configurations, one without and one with supraglottal channel having a cross section of A cross = 15 × 18 mm 2 . The vocal folds contacted during an oscillation cycle and therewith closed the glottis during a short period within a cycle. For the measurements the lowest subglottal pressure required for a stable oscillation with contact was chosen by adjusting the massflow. Flow rates of Q = 70 l/min and Q = 135 l/min were selected yielding mean subglottal pressures of p sub = 2.7 kPa with channel and p sub = 4.5 kPa for the configuration without channel. The oscillation frequency of the vocal fold models amounted f 0 = 143 Hz with channel and f o = 134 Hz without channel.
Figure 3(a) shows qualitatively the supraglottal flow field without channel. It contains a pulsatile jet which is totally stopped during the period with closed glottis. The oscillation cycle can be partitioned in three phases, the closed (timepoint 1), the opening (timepoint 2 and 3) and the closing phase (timepoints 4 to 5). During the closed phase the glottis is closed. The subglottal pressure increases and the vocal fold models move in streamwise direction until the glottis opens. During the opening phase the glottal diameter increases to its maximum dimension while the jet arises entering the supraglottal area. By the time the maximum glottal width is reached the closing phase starts and lasts until the glottis is totally closed again. The jet was found symmetrical during the whole cycle. Only short after the initial opening of the glottis the tip of the jet became asymmetric due to flow instabilities within the surrounding fluid (see timepoint 2 in fig. 3(a) ). Further flow instabilities in the shear layer of the jet can also be seen. However, large-scale deflections of the jet with attachment to one vocal fold were not detected.
In contrast to that in fig. 3(b) the flow field in a supraglottal channel with D = 18 mm is displayed. While the glottis is closed a large recirculation area spans over the whole height of the channel rotating clockwise (timepoint 1). During the opening phase of the glottis a jet arises and accelerates pushing the large vortex downstream. Simultaneously the rotation of the vortex is enforced. Furthermore the jet decelerates within the closing phase so that a new recirculation area developes which is located in a short distance to the glottal exit and is rotating during the closed phase of the glottis due to its inertia. Hence the process shows a vortex shedding mechanism which is forced and controlled by the pulsatile jet.
On the other hand the jet is highly influenced by the large vortex (see timepoint 2 for both cases) causing a slight deflection during the opening phase. In the further progression of the cycle the angle between the jet and the channel axis increases within the closing phase because the jet decelerates and the influence of the new developed large recirculation area becomes stronger. Even an attachment of the jet to the lower vocal fold might be able to be observed just before the glottis closes (see fig. 3(b) timepoint 5) . However, from the displayed perspective it cannot be proved whether the jet really attaches to the vocal fold or whether there is still a small gap between the surface of the fold and the jet.
Futheron during the measurements a change of the deflection side occured. That is the jet was bend to the upper and to the lower sides in different oscillation cycles. The change did not happen from a cycle to following ones but needed some cycles to take place. The reason was a change of the direction of rotation of the large vortex which remains in the channel during the closed phase of the glottis. This indicates that the major characteristic of the flow field alters over the cycles forcing the jet to bend to both sides of the channel. Hence the described deviation of the jet depends on the sense of rotation of the large vortex. The jet tends strongly to deviate to that side of the channel on which its streaming direction is aligned with the streamlines of the large vortex. This process results in a bending to the lower side for clockwise and to the upper side for counterclockwise rotation of the vortex.
Sound measurements
For the sound measurements other vocal fold models with the same material stiffness of E = 4.4 kPa were used. The mean subglottal pressure for the case with supraglottal channel was p sub = 5 kPa yielding an oscillation frequency of the vocal fold models of f o = 125 Hz. For the configuration without supraglottal channel the mean subglottal pressure amounts p sub = 6.4 kPa obtaining a frequency of f o = 117 Hz. The volume flow rate in both cases kept constant at Q = 120 l/min. The difference of these parameters to the ones received during the visualization experiments was caused by a slight variation of the mounting device which was used in the experiments. The z-dimension of the device was about 0.4 mm smaller than the dimension of the device used for the visualization experiments (compare fig. 1(b) ). This causes a slight upsetting of the vocal fold models in their longitudinal direction which results in a higher subglottal pressure to get oscillations. However, the flow field was found also asymmetrically so that the basic characteristic of the flow field was maintained.
FIGURE 4:
Mean amplitude spectrum of the sound measured by four microphones using the test setup with and without supraglottal channel. Figure 4 shows the mean amplitude spectra of the emitted sound for both supraglottal configurations. The major difference between the spectra is a higher ground level of the spectra for the case with supraglottal channel starting from f = 100 Hz up to f = 20 kHz. This indicates that the broadband sound increases due to a turbulent flow which developes in the channel. The largest difference can be seen between f = 100 Hz and f = 1 kHz where the acoustic spectrum of the case without channel has its minimum at about f = 400 Hz. Besides the broadband sound also the tonal components of the spectra show large deflections. In both spectra their first harmonic can be seen. For the case without supraglottal channel it is located at f 0 = 117 Hz and for the case with channel at f o = 125 Hz which represent the oscillation frequencies of the vocal folds. Moreover ten harmonics can be seen up to a frequency of f = 1 kHz for the case without channel whereas only seven harmonics are visible for the case with channel. In contrast to the symmetrical flow field for the case without supraglottal channel the flow field inside the supraglottal channel is asymmetrical and shows a bifurcation in the tendency to which side the jet is deflected. Except the periodic oscillation of the vocal folds the structure of the flow field inside the supraglottal channel is not as periodic from cycle to cycle as the congeneric flow field which developes without a supraglottal channel. This may lead to the loss of higher harmonics of the acoustic signal using a supraglottal channel. However, a damping of these higher harmonics due to acoustic phenomena within the channel can not be precluded.
SUMMARY AND CONCLUSIONS
The present work presents experiments of the visualization of the supraglottal flow field for different supraglottal conditions, one case with and one without supraglottal channel. Whereas the flow case without channel showed no significant large-scale deviation of the glottal jet the flow field in the supraglottal channel was asymmetric exhibiting a lateral deviation to the upper or the lower channel plate. The process of the jet deflection could be identified as the result of a large recirculation area which developed in the closing phase of the glottis and existed even during the phase the glottis is totally closed. The side to which the jet was bent depended strongly on the sense of rotation of the large recirculation area and changed unperiodically in different cycles. An attachment of the jet to one vocal fold which is viewed as an indication of the Coanda effect could not be detected without a doubt. Only shortly before the glottis closed in some cycles a jet was seen which looks like attached to one vocal fold. However, the test setup did not allow a prove of the attachment due to the lack of an optical access inside the glottis.
The amplitude spectra of the sound measurements contained a large deviation in the broadband sound. Due to the turbulent flow in the whole supraglottal channel for this case the spectrum is higher over almost all resolved frequencies. Furthermore higher harmonics of the oscillation frequency vanish when using a supraglottal channel compared to the case without channel whose spectrum contains the higher harmonics up to a frequency of almost f = 4 kHz. The disappearance of these higher harmonics can be a result of the lower periodicity of the structure of the supraglottal flow field with channel compared to the flow field without channel.
